A numerical investigation of the temperature field in a turbulent
Introduction
Turbulent thermal or concentration boundary layer evolving on a flat plate has been one of the most important problems in turbulent heat transfer research. In the problem of heat transfer by fluid flow, the Prandtl number can range from the order of unity for gas to hundreds and thousands for oil. In the problem of mass transfer, the Schmidt number can range from unity for gaseous substances in air, to hundreds for salinity in water, and to thousands for color dyes in water. In the case of heat transfer at low and moderate Prandtl ͑Schmidt͒ numbers, a significant temperature ͑concentra-tion͒ gradient exists not only in the diffusive sublayer but also in the region outside the sublayer. High Prandtl number heat transfer is of special importance in the understanding scalar transfer controlled by turbulent motions very close to the wall.
Mass transfer through the solid boundary of a turbulent channel flow was analyzed by Calmet and Magnaudet ͓1͔ using large-eddy simulation ͑LES͒ for Schmidt numbers Scϭ1, 100, and 200. The study confirmed the conclusion that high Schmidt-number mass transfer at a solid wall is governed by the large-scale structures observed in planes parallel to the wall in the viscous sublayer. LES of turbulent channel flow for the Schmidt number from 0.1 up to 200 has been performed by Dong et al. ͓2͔ to investigate the effect of the Schmidt number on the turbulence behavior. The behavior of the mean and fluctuating concentrations and turbulent mass flux was discussed.
The numerical calculation, can reasonably predict the fluctuating quantities, the correlation's of the fluctuations, and the structures of the scalar field. Yeung et al. ͓3͔ used the DNS to study the mass diffusion with Sc up to 4. Similar studies on passive heat transfer with the Prandtl number PrϽ10 were reported by Na et al. ͓4͔, Kawamura et al. ͓5͔, Lyons et al. ͓6͔ . Scalar transport from sources at the wall of a turbulent channel for medium and high Prandtl number fluids was studied by Papavassiliou ͓7͔. Direct numerical simulations of turbulent thermal boundary layers, at Prϭ0.7, developing on a flat plate with isothermal and isoflux wall boundary conditions were carried out by Kong et al. ͓8͔ . It was shown that the behavior of the turbulent wall-normal heat flux is similar to that of the Reynolds shear stress, indicating close correlation between the streamwise velocity and temperature fluctuations. Turbulent temperature boundary layers at Prϭ0.7 and Prϭ5.4 have been considered by Tiselj et al. ͓9͔ to show how the change in the Prandtl number and in the thermal boundary conditions affects the dissimilarity between the momentum and scalar transport. Na and Hanratty ͓10͔ conducted DNS study of passive scalar transport in the immediate vicinity of a wall. The Schmidt number was varied from 1 to 10. An increase in the Schmidt number was associated with a marked decrease in the frequency of the mass transfer fluctuations. Although the investigation was conducted in an Eulerian frame, the authors proposed that in the region very close to the wall the fluctuations of turbulent scalar field might be connected to convection velocity of near-wall coherent structures.
In many problems of scalar transfer, the dominant mechanism is advective transport in turbulent boundary layer. In these situations it is particularly useful to adopt a Lagrangian viewpoint, with an observer following the motion of the fluid. Lagrangian quantities from numerical simulations, reported in the literature include, for example, the propagation velocity of perturbations in turbulent channel flow Kim and Hussain ͓11͔, the structure of turbulent boundary layers, Krogstad and Antonia ͓12͔, tracking of coherent thermal structures on a heated wall, Kowalewski et al. ͓13͔ .
The idea that coherent structures of the temperature field are convected downstream by the mean flow at an average velocity is a useful one in the study of heat-transfer mechanism. That means that the time variations of the temperature field observed at a fixed point in the flow would be approximately the same as those due to convection of an unchanging spatial pattern past the point with the mean convection velocity. Convection velocity depends on the Prandtl number, but the relationship is not presented in the literature.
In the present study we consider the effect of Prandtl number on the convection velocity of temperature fluctuations in a turbulent boundary layer and focus also on the effect of Prandtl number on the connection between the velocity and temperature fluctuations. Apart from fundamental understanding we also aim at providing information on the effect of the thermal wall boundary condition on turbulent scalar field.
Numerical Procedure
Infinite flume geometry, Tiselj et al. ͓9͔, was used for numerical simulations of turbulent heat transfer. The flow above the infinite heated bottom wall is driven by a constant pressure gradient, whereas the top surface is free. Simulations assume a section of the flow far from inlet, where a steady mean velocity profile is established. Mean wall temperature is increasing linearly in the streamwise direction, however, the mean temperature difference between the wall and bulk of the fluid does not depend on the streamwise coordinate in the simulated domain. These assumptions on the physical model allow implementation of periodic boundary conditions in streamwise and spanwise directions after the constant pressure and temperature gradients are appropriately treated.
With assumptions above the dimensionless Navier-Stokes and energy equations are normalized by the flume height h, the friction velocity u ϭͱ w /, and the friction temperature T ϭq w /(u c p ), the shear stress is defined as w ϭϪ(du/dy) w , q w is the constant mean wall heat flux, is the density, c p is the specific heat, is the dynamic viscosity, such scaling can be found in the papers of Kasagi ͓14͔ or Kawamura ͓5͔. Then the nondimensional equations are given as
The term l x ͑unit vector in streamwise direction͒ in Eq. ͑2͒ comes from the constant pressure gradient that drives the flow and p represents only the fluctuating part of the pressure. The term u x ϩ /u B ϩ in energy Eq. ͑3͒ is a compensating term that takes into account linear increase of the mean temperature in the streamwise direction, with instantaneous streamwise component of the velocity u x ϩ , and the mean bulk velocity u B ϩ . Pr is the Prandtl number, Re ϭu h/ is the friction Reynolds number.
Dimensionless wall temperature difference is defined as ϩ (x,y,z,t)ϭ͓͗T w ͘ϪT(x,y,z,t)͔/T , with ͗T w ͘ temperature of the wall averaged over the time, T(x,y,z,t) is the fluid temperature, x, y, z are coordinates in the streamwise, wall-normal and spanwise direction, respectively. Boundary conditions for the velocity components on the top free surface, parallel to the wall are du/dzϭ0 and dw/dzϭ0, while the wall-normal velocity is v free surface ϭ0. It should be noted that velocity boundary condition at the free surface does not take into account the surface waves. Experiments by Hetsroni et al. ͓15͔ and DNS simulations of Lam and Banerjee ͓16͔ showed that this is very close to the reality at low Froude numbers, where surface waves are negligible. No-slip boundary condition is applied at the interface of the wall and the fluid.
Beside velocity boundary conditions, two different thermal boundary conditions were considered at the wall-fluid interface. The first was the isothermal boundary condition ͑denoted as H1 wall boundary condition͒:
and the second was the isoflux boundary condition for dimensionless temperature difference ͑H2 wall boundary condition͒ with fixed mean wall temperature:
and boundary condition for the fluctuation part of temperature
where ȳ ϭy/h. Details on both types of boundary conditions and their application can be found in Kong et al. ͓8͔ and Tiselj et al. ͓9͔ .
The free surface was treated as an adiabatic surface:
and periodic boundary conditions in the streamwise x and spanwise z-directions were applied for the velocity and temperature fields.
As can be seen from Eqs. ͑1͒-͑3͒, the temperature is assumed to be a passive scalar. Results of the present study consider the systems, where the temperature differences are not too large, while some caution is required for the systems, where the temperature differences are not negligible. Such assumption was used by Kasagi et al. ͓14͔, Kawamura et al. ͓5͔ and Tiselj et al. ͓9͔ .
The equations were solved with pseudo-spectral scheme using uniform grid of collocation points and Fourier series in x and z-directions. Chebyshev polynomials are used in the wall-normal direction y, with cosine distribution of the collocation points y j ϭcos((jϪ1)/(N y Ϫ1)), jϭ1, N y that are refined near the wall and the free surface. Numerical procedure and the code of Gavrilakis et al. ͓17͔ modified by Lam and Banerjee ͓16͔ was used to solve the continuity and momentum equations. The code was later upgraded with energy equation ͑Tiselj et al. ͓9͔͒. For the present study, the code was modified with subroutines for calculation of the convection velocities; this modification did not significantly enlarge the CPU time consumption but increased the required physical memory of the computer, as several instantaneous fields were kept in the memory.
In the present study calculations were carried out for Re ϭ171 in the computational box of 2148ϫ171ϫ537 wall units ͑in the x, y and z-direction, respectively͒. Three different grids 128 ϫ65ϫ64, 200ϫ129ϫ128, and 256ϫ129ϫ128, were used for the Prandtl numbers Prϭ1, Prϭ5.4, and Prϭ54, respectively.
The time step for the Prϭ1 simulation was 0.05124 /u 2 and time step of other two runs was 0.02562 /u 2 . The turbulence characteristics were calculated as an average over time intervals 5124 and 2562 /u 2 at Prϭ1 and PrϾ1, respectively. It took a longer time interval to obtain statistical steady-state solutions at Prϭ54 than at Prϭ5.4 and Prϭ1. This can be explained by the lower convection velocities in the high Prandtl number turbulent flow ͑see section on results and discussion͒.
The resolution for Prϭ1 and Prϭ5.4 runs was fine enough to describe both cases as ''Direct Numerical Simulations'', i.e., all spatial and temporal scales were resolved in these cases ͑see ͓5,9,14͔ for details on the appropriate resolution at given Pr number͒. The resolution of the third run at Prϭ54 was sufficient for DNS of the velocity field, but insufficient for the DNS of the thermal field. Numerical simulation of turbulent heat transfer at high Prandtl numbers requires higher resolution due to the smallest temperature scales that are inversely proportional to ͱPr. In numerical simulations the velocity field and temperature field at Prϭ1 and Prϭ5.4 were described by the accuracy of DNS, and no models for ''turbulent viscosity'' were needed. The simulation at Prϭ54 was performed with DNS resolution for the velocity field and with under-resolved DNS for the temperature field. Such approach is not as accurate as DNS but was found to be very accurate in the study performed at Prϭ5.4 by Bergant et al. ͓18͔, where DNS results at Prϭ5.4 were compared with results of velocity DNS and temperature under-resolved DNS.
The space-time correlations were used to determine convection velocities. In the present work the convection velocity was determined as U ϩ ϭ⌬x max ϩ /⌬t ϩ . Here, ⌬x max ϩ is the streamwise separation for which the space-time correlation coefficient is maximum for given time delay ⌬t ϩ . It should be noted that convection velocity derived from this assumption implies a frozen convected pattern. We assumed that the change in the turbulence thermal field between two calculated points is statistically independent of instantaneous temperature fluctuation at the first point. Time delay for the temperature field was chosen according to the Prandtl number. According to Kim and Hussain ͓11͔ for convection velocity of the velocity fluctuations the time delay ⌬t ϩ ϭ18 was used. This value was also chosen to calculate convection velocity of temperature fluctuation for Prϭ1. For the computation of the propagation velocity of the temperature fluctuation for Prϭ5.4 and Prϭ54 we have used ⌬t ϩ ϭ10.248. 
Results

Turbulent
, from four quadrants to the total wall-normal heat flux. For Prϭ1 the results agree well with those reported by Kong et al. ͓8͔. In the range of Prandtl number from 1 to 54 the events in the first quadrant (v ϩ Ͼ0, ϩ Ͼ0) and third quadrant (v ϩ Ͻ0, ϩ Ͻ0) are dominant away from the wall. The events in the second quadrant (v ϩ Ͼ0, ϩ Ͻ0) and in the fourth quadrant (v ϩ Ͻ0, ϩ Ͼ0) are dominant near the wall. For Prϭ1 and y ϩ Ͼ15, the profiles of the fractional contribution for the isothermal wall are almost the same as for isoflux wall. The location at which the fractional contributions are the same at isothermal and isoflux boundary condition is about y ϩ ϭ5 for Prϭ54. Close to the wall the peak of wall-normal heat flux takes place in the events of velocity and temperature fluctuations have different signs ͑quadrants 2 and 4͒. In the proximity of the wall the maximum values of wall-normal heat flux are due to ''ordered'' heat transfer mechanisms. It includes the motion of decelerated ͑and therefore more heated͒ liquid from the wall into the main flow and inrushes of the liquid with a higher velocity ͑cooler͒ to the wall. Figure 3͑a͒ shows that for Prϭ1 in the outer region of the boundary layer, y ϩ Ͼ15, the convection velocities of the velocity and the temperature perturbation are about the same and increase with an increase in y ϩ . Near the wall, however, all convection velocities do not change at y ϩ Ͻ1. In Fig. 3͑a͒ we may see that in this region the convection velocity for isothermal wall, Transactions of the ASME sonable to assume that this scale dependence is responsible for turbulent thermal diffusivity, turbulent Prandtl number and turbulent heat flux. The thickness of the layer at which the convection velocities for both isothermal andisoflux BC are nearly constant, does not depend on the Prandtl number (y ϩ Ϸ2). This implies that it is not useful to connect a particular type of structure to the length of the region with a constant convection velocity. As the structure evolves and increases in size, it picks up momentum from the large-scale motion. Hence, in the outer layer the average convection velocity of the temperature fluctuations tends toward that of the velocity fluctuations. Figure 4 shows the dependence of U cT ϩ /U cu ϩ and U cq ϩ /U cu ϩ on the Prandtl number in the region y ϩ Ͻ2. The data may be expressed in the following form:
Convection Velocities in a Turbulent
U cT ϩ ,U cT ϩ ϭU cu ϩ /Pr 1/3 (11) U cq ϩ ϭU cu ϩ /Pr 1/2(12)
Conclusions
The distance of the near-wall region, y lim ϩ , at which the coefficient of turbulent thermal diffusivity for the isothermal and isoflux BC is proportional to y ϩ3 and y ϩ2 , respectively, depends on the Prandtl number. At a given Prandtl number the distance of y lim ϩ for isoflux wall boundary condition is shorter than that for isothermal BC. For isothermal as well as for isoflux wall boundary condition the value of y lim ϩ decreases with an increase in the Prandtl number from Prϭ1 to Prϭ54.
Close to the wall, y ϩ Ͻ2, both convection velocities at isothermal, H1 and isoflux, H2, wall boundary conditions decrease with an increase in the Prandtl number, i.e., scale dependence becomes significantly important. It appears reasonable to assume that this scale dependence is responsible for turbulent eddy conductivity and the statistics of the temperature fields.
The thickness of the turbulent layer y ϩ Ͻ2, at which the convection velocities for both isothermal and isoflux wall boundary condition are nearly constant, does not depend on the Prandtl number. This implies that it is not useful to connect a particular type of structure to the distance with a constant convection velocity. As the structure evolves and increases in size, it picks up momentum from the large-scale motion. Hence, in the outer layer, the average convection velocity of the temperature fluctuations tends toward that of velocity fluctuations. In the region y ϩ Ͻ2 the relation of convection velocity of temperature fluctuation to that of velocity fluctuation may be expressed as U cT ϩ ϭU cu ϩ /Pr 1/3 and U cq ϩ ϭU cu ϩ /Pr 1/2 for isothermal and isoflux wall boundary condition, respectively. 
